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Abstract
The standardization of Printable Materials and Direct-Write Systems addresses the many areas of
Printing Nano Engineering that lack standards. Printing Nano Engineering is a new method of
manufacturing electronics that utilize direct-write system with printing principles to manufacture
electronic components.
Standards need to be developed for the different direct-write systems and printable materials in
order to provide compatibility amongst printed electronics and to allow the optimization for direct-writ s
e systems, and printable materials associated with these systems. There are many different types of
direct-write systems in industry; each system involves different methods for printing that incorporates
the limiting parameters for each. These systems are relatively new and the development of standards is
of high priority. Standards need to be developed for each direct-write system, substrates, and conductive
inks. More literature is becoming available for each of these areas to be referenced and a common
agreement must be reached and established into a database for the standards to be followed. The
standards developed will be useful for international entities involved in the printed electronic industry.
Methods for standardization have been attempted throughout this research. The standardization
of substrate material for the R2P printing process has been addressed as part of this research. The
standardization for the dispersion matrix of conductive inks relative to different substrates used in the
final application has also been addressed in this research. There is a wide range of standardization in the
area of Printing Nano Engineering that can be developed and is needed for the success in the
implementation of the manufacturing of printed electronics.
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Chapter 1: Introduction
The future of manufacturing printed electronics lies in direct-write systems due to their simple
procedures and cost-effective methods. Direct-write systems are growing in preference for the
manufacturing of electronics due to their fast and efficient printing methods. The different types of
direct-write systems include the Roll to Roll (R2R), Microdispensing Deposition Write (MDDW),
Maskless Mesoscale Materials Deposition (M3D), and Ink-jet systems. These technologies are being
used for various electronic applications.
The quality of printed electronics is an important factor of the manufacturing process; parameters
to consider are the physical properties of the printable materials [1-5]. The printable materials are of
utter importance in the manufacturing of printed electronics using the direct-write methods. Nano-inks
are one of the printable materials that play a major role in these processes. The proper syntheses of these
inks are to include the adequate viscosity for the drawing of patterns that are crucial in electronics. The
syntheses of nano-inks also have to ensure the chemical and physical stability of these materials due to
their different physical properties acquired relative to their particle size. The conductivity of these
synthesized inks also needs to be within a given range for printable electronics. The different parameters
for these nano-inks have to be determined for the applicable substrate on which these printed electronics
will be drawn. Determination of the adhesion of the ink to the indicated substrate must also be included
in the standards developed.
Since direct-write systems are relatively new to manufacturing, the standards have not been set
to make these processes universal amongst the participants in the electronics industry. The
standardization for this new technology is essential to enable a well-balanced comparison of each
system’s effectiveness under similar working conditions. The standardization of printable materials and
direct-write systems is to include the different process parameters for each system, the various printable
materials, the proper testing equipment and methods for measuring the physical properties of these
materials, and the education of this emerging technology.
The development of the standardization will provide the proper education which entails the
1

specifications for special materials and the technology applied in direct-write systems. The
standardization for all the parameters will enable the mass production and compatibility of products
being produced amongst various corporations.
The issues of standardization of printed electronics consist of the materials, equipment, testing
methods, and the education available of current printing technology. Overall discussion about these four
parts is necessary to fulfill the global standardization of printed electronics. The international status of
printed electronics technologies is one of the important factors to establish the standardization system.
1.1

PRINTING NANO ENGINEERING (PNE) AND EDUCATION
Printing Nano Engineering (PNE) is a new field of engineering that utilizes printing concepts in

the manufacturing of electronics. PNE encompasses various direct-write systems and printable
materials. The direct-write systems vary in technique and limitations; the concept is to print a conductive
ink on a specified substrate. The nanotechnology applied in PNE refers to the synthesis of conductive
inks and the development of various substrates. Figure 1 is a visualization of the areas of specialization
in PNE and their integration.

Inks

Substrates

DirectWriteSystems

Figure 1.1: Printing Nano Engineering Components
PNE is being introduced into the higher education system. The University of Texas at El Paso
(UTEP) is among the first in the United States to offer PNE as a concentration under the Bachelor of
Science in Metallurgical and Materials Engineering program. A program has been established in
collaboration between UTEP and SeoKyeong University (SKU), located in Seoul, South Korea. The
program allows students to complete their lower-division curricula at SKU, upon completion the student
2

will transfer and complete their upper-division curricula at UTEP. The first class to transfer to UTEP
will arrive in the fall of 2014 [6]. There are ongoing efforts to restructure the lower-division curricula to
include the introduction of nanotechnology enabling students in the U.S. to have the opportunity to
complete the PNE concentration.
Education plays a significant role in the development of the standardization of direct-write
systems, it is needed to allow students to become familiar with direct-write technology. All obtained
standards should be implemented in the educational programs available for the printed electronics field.
There is an ongoing effort to establish different PNE programs in the United States and in other
countries. The PNE program is a combination of multiple disciplines of Metallurgy, Material Science,
Chemistry, Mechanical, Electrical Engineering, and Nanotechnology.
PNE involves the design, study, and development of reliable and proficient technological
applications using nano-synthesized materials. The major advantage of this field is the creation of light,
versatile, and inexpensive electrical devices such as RFID tags, LED displays, and transistors [7]. Since
this is a new emerging and exponentially growing technology research and standardization in these areas
such as the synthesis of nanoparticles, substrate development, and printing process technology is needed.
Furthermore, in order to achieve a greater development in printed electronics, trained engineers capable
of expanding this new technology is required. The implementation of an educational program is
recommended to enable engineering research and education in printable electronics. PNE is expected to
improve and redesign major components pertaining to electronic devices in the near future and thus has
the potential to generate a massive work force along with it.
Establishing the PNE program has been a major component in my research. The PNE research
team at the University of Texas at UTEP has worked long hours to develop the program and assisted in
the selection of the content the PNE curriculum should cover.
1.1.1 PNE Educational Goals
The PNE educational goals are composed of three main goals to be accomplished by the time the
student finishes this educational program. The first goal involves the provision of education available for
engineers to attain a strong knowledge in printed electronics processes, technology, and materials. The
3

students must gain a familiarity of each process, and be able to distinguish how each printing process is
different. The fundamental difference of each process determines the limit of application each system
currently encounters. The student will be able to understand the theory of each system and will be able
to expand the current applications by enhancing certain properties that direct-write entails. The
technology in the development of printed electronics by the use of direct-write systems is fairly simple,
which will generate an efficient cost-effective method of production of electronics. The student will gain
the important background in materials to accomplish this task. The materials available and used for
direct-write systems are the key to the current expansion of application of these processes. The
understanding and finding of material available with adequate properties will be addressed along with
the development and design of new materials for each write system. The educational program will have
to challenge students to create and improve the direct-write systems that are currently available.
The second goal of this program should implement research collaboration among various
institutions and companies allowing the student to target the future development of printed electronics.
The research collaboration should be an ongoing effort to expand the current limitations of these
processes. It will entail the participation of various institutions around the world, such as universities,
governments, and private companies. The educational program will enable students to become
international entities and go beyond their current commodities and borders. This program will not only
offer an educational purpose, but will enrich each student’s lives with new cultural experiences. The
educational program should include an educational competitive environment, where students will be
forced to surpass their usual work environments. The competitiveness that will be established is a
positive environment where these parties will work together in research in development.
The third goal of the educational program is the development of a network among graduate
students and undergraduate students which will provide benefits for both. The PNE program would
enable students to work with experienced graduates; the relationship of these two parties will be of
shared interest. Graduate students that are currently working in the field of printed electronics can offer
insights on the processes of these direct-write systems, establish a network for these students to attain
employment upon the completion of the program. The undergraduate students will offer research and
4

development which can serve the graduate students in their current work area. The research and
development of directwrite systems will expand the current applications in the printed electronics field and will enable
these graduate students to proceed with the expansion of this technological field.
1.1.2 Phases of implementation of the PNE concentration.
There are three phases that the program consists of, the program will attempt to not only cover
the technological background material of printed electronics but also to facilitate the education of
engineers with strong behavioral skills needed to comply with the fast growing and ever changing
market of printed electronics. The skills obtained by this program are a key characteristic for any
individual pursuing a career in the realm of printed electronics.
The program is divided into three phases in order to accomplish the goals stated above.
The first phase involves the education of printed electronics processes, technology and materials. The
second phase involves conducting joint research among research institutions and companies. The third
phase consists in the development of a global network among various entities.
Phase one of the educational program include learning the engineering basic requirements such
as chemistry, economy, and thermodynamics, to name a few, as a first step. Furthermore continuing the
background education would lead the students to learn about the materials, applications, and processes
involved with nano printing as narrowed by an editorial written by W. S. Wong, A. Salleo, called
Flexible Electronics: Materials and Application [8]. While the means in which technology changes is
due to a fast evolving field, such as printed electronics, knowledge of basic principles and a set
standardization in engineering is critical for the student to be successful. Importantly, this fact would
challenge the students to solve the current limitations in PNE while conducting unique research
experiments. As far as printed electronics is concerned the learning subject would be focused on the
materials, applications, and processes involved with printed electronics technologies. Understanding the
printing procedures needed to undergo a direct printing process in electronics is the first step. Once the
procedure needed for a material is known it is easier to understand the properties a material suitable for a
printing process should have. For a student to explore the printing technologies applications and
5

procedures study should be focused on the different direct-write systems, such as the Ink jet, Roll to
Roll, screen printing, MDDW and M3D. Figure 1.2 shows a schematic representation of the divisions of
printed electronics intro three main areas of focus. However, these areas are strongly dependent amongst
each other, and the line of division between subject matter is extremely fine.

Figure 1.2: A Schematic Representation of Printed Electronics Divisions.
The second phase of the PNE educational program should allow students to participate in the
current research and development of this technological field. Conducting research is one of the strongest
tools for education thus enabling students to develop abilities in the lab and familiarizes a problem
solving strategy approach in the development of additional applications. Research under this educational
program would focus on the awareness of industrial and economic impact of printed electronics among
research institutions and industries. As discussed by Esa Kunnari printed electronics technologies offer
an increase in cost productivity since there is a decreased in materials used to fabricate electronic
circuits [9]. This factor indicates an inevitable growth in the market, which the engineer should be able
to approach. Research conducted with profitable interests benefits the student in two ways: the students
learn how to conduct research, and the student is aware of the current economical need of the printed
electronics market. This educational approach challenges the students to solve the current limitations in
PNE while conducting unique research experiments.
6

The third phase of the PNE educational program should allow the development of a global
network composed of governments, universities and businesses. Continuing education and an
establishment of a set of standards is an essential part of a fast growing technological field such as
printed electronics. The final phase of the educational program would establish a network of not only
these entities but it will be extended between alumni and undergraduate students, the network would
provide benefits to both parties. The undergraduate students can approach issues unlikely considered in
the classroom that are representation of a major problem that may be encountered in the work field. On
the other hand alumni can interact with new methods or educational strategies that are nonexistent at the
time of the alumni education and in this way continue the learning process.
The correlation of the development of a PNE educational program and a development of set
standards that enables a student to put into practice the strategies acquired within a classroom will
generate engineers, and advancement in this particular field. The set standards developed will act as
guidance, and allow for a student to comprehend the comparison of the different practices undertaken by
different parties within this technological field. The developed standards will act as a guide for every
student to create, repeat, and attain reliable results while conducting research and development.
Standardization for the direct-write systems as far as operational parameters, printable material, and
analysis is crucial to develop products with significant properties. Printing Nano Engineering
incorporates the oldest forms of engineering and technology with the newest rising technology of
nanotechnology. It gives a new approach to traditional engineering and challenges its students in
application of these traditional concepts.
1.2

DIRECT-WRITE SYSTEMS
There are different direct-write systems that have currently been added to the manufacturing of

printed electronics.
1.2.1 Roll to Roll (R2R)
The roll to roll direct-write system utilizes rolls to print electronics in various formats. The R2R
system itself contains different methods for direct-writing. The R2R systems include gravure, gravure
offset, reverse offset, and flexography. These systems are being used to manufacture Radio Frequency
7

Identification Tags (RFIDs), Light Emitting Diodes (LEDs), Organic Light Emitting Diodes (OLEDs),
flexible displays, smart sensors, solar cells, etc.
The R2R Gravure/Gravure Offset Method
The R2R gravure method uses a roll that contains the desired pattern impressed into the roll’s
surface. The impressions on the roll are created by having different types of cells. The pattern is created
by an offset replica and placed on the roll. The desired substrate passes through two rolls, the impressed
roll and the printing roll which is depicted in Figure 1.3.

Figure 1.3: Schematic of the R2R Gravure Method [10].
Gravure-offset printing has many advantages in that it could produce electronic devices having
high resolution. As shown in Figure 1.4, gravure-offset printing process consists of 3 steps. Firstly, the
ink is filled in groove by a doctor blade. Then, the filled ink is transferred to the blanket. Lastly, the ink
on the blanket is transferred to the desired substrate.

8

Figure 1.4: Pictorial Presentation of Gravure-offset Printing Process.
The R2R gravure offset printing process is usually utilized due to its ability to apply a thinner
coating with greater precision. The coating is usually applied uniformly along the desired substrate or
blanket. The weight of each coat is determined by the types of coating solids, the coating’s surface
tension, gravure patterns, depth of the gravure cell for the use storing the ink, the configuration of the
coater, and the operating speed under which the process is completed. The weight of the coating is
usually determined by the percent of solids present, the volume of the gravure cylinder and the process’
speed. There are additional factors that affect the R2R gravure offset printing process. These factors to
be considered consist of the support equipment available for this printing process, whether the engraving
process was conducted using either a mechanical component or a laser, whether the gravure roll was
covered by a chrome or ceramic plate, if the coating application was conducted using the means of a
pump or a pan, and so forth. All of these factors play an important role in the magnitude of precision the
R2R Gravure/Gravure Offset printing process can accomplish [11].
The R2R Gravure Offset printing process can also be used to perform various tests in industry or
for the purpose of research. The printing process can be used to assist in the testing of small samples,
hand sheets, and continuous web coatings. This printing process can also be used to form samples
saturated with a desired liquid, use a 2roll pressure, and perform 3 roll differential tests. This printing
process is usually used for applying coatings onto papers, paper boards, films, foils, glass, and many
other substrates that can be used in the development of electronics. The thickness of these coatings can
be as low as 1/10 of a micron and can go up to a range that is determined by the combined factors of the
viscosity of the ink being used, the design of the gravure pattern, and the type of substrate that is being
utilized. The weight of the coat is controlled by the designed laser engraved pattern on the bottom roll of
9

the machine in correlation with the air pressure that is being applied to the rolls above [12]. Typical
applications that are currently being used with the R2R Gravure Offset printing process include the
printing of Radio Frequency Identification Tags, transistors, antennas, rectiﬁers, and ring oscillators
where such parameters like the control of surface roughness, thickness, line widening, and line-edge
roughness are important.[13, 14].
The Roll to Plate (R2P) Reverse Offset Method
The R2P reverse Offset consists of a roll and three stages. A pattern is printed on a substrate in
five steps. The first step consists of the deposition of the ink onto Stage 1; this step is done prior to
operating the R2P reverse offset system. The deposition of the ink requires a spin coater and an adequate
substrate. The second step of the process involves the preparation of the three stages of the R2P system.
The spin coated substrate is placed onto stage one, a cliché is placed on the second stage, and the
substrate for the printed electronic is placed on the third stage, these materials are held in place by the
use of vacuum systems. The third step of the system consists of the deposition of the ink onto the roll,
the ink is deposited by allowing the roll to revolve onto stage one and adhere the ink. The fourth step of
the process consists of the roll passing over stage two where the cliché lies. Clichés are made of various
materials and are utilized to create the desired pattern for the various circuits in printed electronics. Once
the roll revolves over the cliché ink will be deposited onto the cliché, the ink that remains on the roll is
in the desired pattern for the indicated circuit. The fifth step of the R2P reverse offset process is to
deposit the remaining ink onto the desired substrate by revolving the roll onto the substrate that lies on
the third stage of the system, once this is accomplished you obtain the desired pattern printed onto the
substrate of your choice and your sample is ready for curing. A schematic of the R2P reverse offset
process is represented in Figure 1.5.
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Figure 1.5: Schematic of the R2P Process.
The R2P Reverse Offset process is limited to flat substrates; the substrate may be rigid or
flexible, they must remain flat on the third stage allowing the roll to revolve on the surface. The
adhesion of ink onto the substrate is key for a successful printed pattern. There are certain limitations
presented by using the R2P Reverse Offset printing process due to the physical and chemical properties
of the substrates. Once the ink is deposited onto the roll the ink must adhere to the substrate, and then
the ink must be cured. There are different curing methods for the ink, some listed in literature include
UV, oven, laser, ohmic, and microwave curing; these parameters will be discussed in the standardization
of analysis of direct-write systems discussed further on in this paper. The ink must reach a certain
temperature which is typically high for polymeric substrates; the typical temperature range for available
inks goes beyond the decomposition temperatures of such polymers. The type of ink utilized for these
processes also serve as a limitation for this direct-write method, as stated earlier the ink’s curing
temperature plays an important role as to what applications can be accomplished using this system.
There are many parameters to consider when using the R2P Reverse Offset printing method.
There are certain processes parameters one may choose to operate under which can all also have a large
11

effect on the final product. One large parameter that can be controlled is the application of pressure.
Pressure is used to press the roll over the ink deposited substrate, pattern, and final substrate for the
desired application. A wide range of pressure differences are available and one can control different
selection of pressure for each step in the process. Pressure is a major factor that must be addressed in the
standardization of this process. An agreement by various research institutions that are focused on printed
electronics must be reached. The pressure difference is crucial in the understanding of differences in
results and is important to determine whether such results are repeatable.
The R2P Reverse offset printing process has many parameters to consider in standardization. The key to
standardize substrates, inks, and process parameters will enable a more successful network between
various entities that are related in the printed electronics field.
Typical applications for the R2P Reverse offset printing process include RFID, OLEDs, E-Paper,
Antennas, Flexible Displays, etc. Most of these applications require a flat surface, but the properties of
the substrate enables the flexibility of these flat surfaces making the application ranges to expand further
than a rigid flat surface.
Flexography
The flexography process requires the production of an original pattern and a copy that can be
formed into a roll. The copies are made of the original pattern and are used for the printing process. The
original is only used to create copies of the desired pattern. The desired pattern is raised above the areas
where the pattern is not present, similar to a rubber stamp. The desired pattern is created as a mirror
image enabling the image to be printed using multiple rolls. The ink is deposited onto the roll by
immersing the roll in ink. The ink is transferred from one roll to another roll that contains a number of
cells in which the ink lies. The purpose of the multiple cells along the roll is to enable an even thickness
distribution of ink onto the desired substrate. To impress the pattern onto the substrate it must pass in
between the two rolls. Depending on the chosen curing method for the ink the substrate is either cured
using Ultra Violet light, or it is allowed to dry to cure by other methods. A schematic of the flexography
process is provided in Figure 1.6.
12

Figure 1.6: A Schematic of the R2R Flexography Method [15].
The R2R Flexography processes are most commonly used for high volume production of printed
electronics. It is a fast and cost effective printing process due to the use of less material. One can pass a
substrate that is stored on a roll and have a continuous printing process which can develop multiple
products at once. The substrate may be pulled through the multiple rolls to acquire the desired pattern. It
is a continuous process in the way that there is no interruption in the inks deposition onto the Plate Roll
that is depositing the ink onto the substrate.
There are process parameters that one must consider during the R2R Flexography process which
also need to be standardized. For example the ink plays a significant role in this process. The ink is
being stored in the fountain roller tank, the volume of ink is necessary to control to obtain a uniform
thickness on the printed pattern. Another parameter that must be considered and standardized is the
temperature of the ink while it is stored in the tank. The temperature of the ink is significant because it is
a determining factor on the physical and chemical properties of the ink. The temperature in which the
ink is stored affects the viscosity of the ink, which in hand affects the inks adhesion to the desired
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substrate. Adhesion is a key parameter to consider in the development of a successful application of this
product.
The ink’s curing temperature is another important parameter to consider in this process, this
serves as a limitation to the R2R Flexography printing process and the substrates needed to run this
operation. The ink's curing temperature is provided by the ink's manufacturer, a survey may be
conducting to determine the range of the curing temperature desired. The parameter is important to
consider because it will work as a limitation as to which substrates are capable of being selected or used
in this application. As described in Figure 4, the substrate must be able to pass through multiple rolls and
withstand certain pressure throughout the process, having a flexible substrate will enable the substrate to
be stored as roll to enable the continuous process. Rigid substrates maybe difficult to use in the R2R
Flexography printing process due to the fact that the substrate must pass through the multiple rolls for
the impression of the desired pattern, it must be able to withstand a certain amount of compression
without changing any physical properties of the substrate. The substrate must be able to proceed with
the process without acquiring any additional imperfection along the surface, for example: micro cracks,
which can be caused by stress concentrations within the material, or the propagation of cracks or micro
cracks that are already present within the material. Micro cracks are typical in rigid and brittle
substrates. Substrates must attain a certain amount of ductility in order to undergo the process. These
are all parameters that must be addressed in the standardization of direct-write systems for the use of
printed electronics. Typical substrates used in this process consist of plastic, foil, metallic films, acetate
film, and paper.
There are certain advantages when using the R2R Flexography direct write system as opposed to
other write systems. The R2R Flexography printing process allows the use of wider range of inks. The
inks can be water based inks as opposed to oil based inks, which plays an important role in viscosity
range for this system.
The typical applications for this printing process include solar cells, organic solar cells, OLED
displays, OLED or LED lighting, e-paper or e-readers, lat batteries, RFID tags, sensors, transistors,
antennas, and other printed electronics. Functional printing enables a large range of applications which
14

will extend to actuators for ambient intelligence in textiles and smart packaging, and even the production
of low-cost electronic gadgets [16].
1.2.2 Micro Dispensing Deposition Write (MDDW)
The MDDW direct-write system utilizes a small gauge dispensing tip to draw patterns along a
substrate [17]. nScrypt, one of the most famous printed electronics companies in US, is the
representative system for this direct-write method. The pattern is drawn by dispensing the ink from the
tip of the system. The ink is released and falls onto the substrate and the pattern is formed by the
movement of the tip, similar to drawing a pattern with a pen. The tip is controlled and maneuvered by a
computer program to enable accuracy and precision. The tip releases the ink by opening the gauge and
applying pressure, but it does not come into direct contact with the substrate. Once the desired pattern is
drawn it is dried and then cured to obtain the final product. The MDDW direct-write system is also
capable of producing a 3D pattern by printing in various layers. An example of how the ink is dispersed
is depicted in Figure 1.7.
There are different parameters that must be considered and standardized in the MDDW printing
process which limit the materials used for the process and printing applications. The dispensing tip
limits the range of conductive inks available for the use of this system. The ink’s viscosity, base and
particle size all play an important role in the deposition of the pattern. The dispensing tip of this system
will also provide limitations as far as line thickness of the printed patterns. The standardization of
various tips must be established for this system. The inks viscosity will affect the precision of the pattern
being printed and the adhesion of the ink onto the substrate. The inks particle size will affect the uniform
distribution of thickness of each line. To obtain the optimal ink deposition the ink’s particle size is
limited to a specific diameter determined by the ink’s components.
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Figure 1.7: nScrypt Dispensing Tip [18].
One important factor that presents itself as an advantage is the limitless range of substrates that
can be used using this direct-write system. Since the dispensing head does not come into direct contact
with the substrate, the substrate does not have to be flat in order to print the desired pattern. The
limitations on the available substrates are presented by other means and it is mostly governed by the ink
that is being used. The adhesion, viscosity and chemical and physical properties of the ink will be the
determining factor as to which substrates could be used and what application this direct-write system
will produce.
1.2.3 Maskless Mesoscale Material Deposition (M3D)
The M3D system uses an aerosol-jet deposition method for the direct-write of printed
electronics. The M3D system enables the printing of superfine circuitry and the creation of multi-layered
systems. The aerosol is produced by introducing liquid into an atomizer chamber, which is then led into
a special type of deposition head. The aerosol stream is controlled and focused by using aerodynamic
technology. As the aerosol stream is being released the deposition head is reducing in diameter size to
enable the finer circuit lines to be printed. This type of technology enables precise printing on non planar
substrates. The schematic for the M3D process is illustrated in Figure 1.8. The applications for the M3D
system include solar cells, flat panel/flexible displays, and fuel cells.
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Figure 1.8: The Schematic for the M3D process [19].
One important factor that presents itself as an advantage is the limitless range of substrates that
can be used using this direct-write system. The dispensing head does not come into direct contact with
the substrate; the substrate does not have to be planar in order to print the desired pattern. The
limitations on the available substrates are presented by other means and it is mostly governed by the ink
that is being used. The adhesion, viscosity and chemical and physical properties of the ink will be the
determining factor as to which substrates could be used and what application this direct-write system
will produce [20].
The limitations on the inks are the chemical and physical properties that will enable the ink to be
atomized. The dispensing tip limits the range of conductive inks available for the use of this system. The
ink’s viscosity and whether the ink is water or oil based play an important role in the deposition of the
write. The dispensing tip of this system will also provide limitations as far as line thickness of the
printed patterns. The M3D was developed to acquire greater precision, but the authors think that the
uniform distribution of the ink needs to be addressed due to the aerosol deposition of the ink.
Standardization is essential in the development and enhancement of this direct-write system.
1.2.4 Inkjet
The inkjet direct-write process was developed by using the same concept of printing ink on plain
paper. The printing process is carried out by the deposition of droplets of ink in a continuous or
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intermittent stream onto a substrate. The deposition of the ink is controlled electronically to produce a
pattern [21]. Applications for inkjet printing include sensor technology, polymer electronics, and
biological systems [22].
1.3

PRINTABLE MATERIALS
The proper printable materials are essential to produce optimal products in the printable

electronics industry. There are many collaborating factors that influence the material selection for
printable electronic applications. The printable materials need to be addressed and engineered to enable
further developments in printed electronics.
1.3.1 Inks
Inks are one of the most important materials for a specific direct-write system. Each system is
designed to operate with different parameters. The physical properties of each ink determine what
direct-write system it was synthesized for. The standardization of different inks for different direct-write
systems is essential to globalize and enable the mass production for printable electronics manufacturing.
The physical properties that are determining factors whether or not an ink is adequate for the
manufacturing of printable electronics are viscosity, conductivity, curing temperature, packing density,
and whether the ink is hydrophilic or hydrophobic. The viscosity range for each machine is specified in
Table 1.1 [23-31]. Each direct-write system requires the appropriate viscosity of the ink to enable
precision and accuracy when it comes to printing circuits. The particle size of the ink determines the
packing density of the material which in turn affects the resistance and conductivity of the printed lines.
The particle size also affects the fluidity, and viscosity which is designed for different dispensing
methods in the various direct-write systems. The curing temperature of the ink can behave as a limit as
to which substrates can be utilized for printed electronics. Temperature is a key factor in the inks
physical and chemical properties. The temperature also effect the viscosity of the ink and the stability of
the phase in which the ink lies.
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Table 1.1: Viscosity Range for Each Direct-Write System
System

MDDW
M3D

Type of Machine
Novel Linear Positive Displacement Piston Pump
Micro-dispensing System (30 Gauge Needle)
Rotary Screw Equipped Micro-dispenser
(30 Gauge Needle)
Optomec-Maskless Mesoscale Material Deposition
Flexography
Reverse Offset
Gravure
Gravure Offset

Viscosity Range (mPa-S)
Min.
Max.
1,000
500,000
100

100,000

1
2,500
0.05
0.5
40
100
1
15,000
20
40a
5
50
a
Viscosity was measured using a plate rheometer (Bohlin CS) at a shear rate of 20 l/s

R2R
Inkjet

1.3.2 Substrates
Substrates are another important material that effects the applications of direct-write systems and
the production of printable electronics. Most direct-write systems can print on any substrate. Substrates
can be rigid (glass, silicon) or flexible (paper, flexible foil, polyimide films, metallic foils, and
polymers) [32]. Even though direct-write systems can print on various substrates, the substrates that can
be utilized are limited by other factors. One factor that is a predominant in the determination of substrate
selection is its melting temperature. Printed electronics are moving toward the development and
convenience of flexible electronics, which are mainly composed of polymeric substrates. Substrates
must have a high decomposition temperature in order to withstand the curing temperature of the ink, and
reach its glass transition temperature to eliminate impurities and decrease its resistance.
Additional factors that limit substrate selection are their conductivity, surface tension, and its
ability to adhere to the ink. There are many substrates that are available, some may be conductive and
others may even be organic. The amount of resistance and impurities a substrate can hold will also play
a significant role in the application of printed electronics. The conductivity or resistance that the ink will
encounter in terms of its conduction will be affected by which substrate was selected for the product.
Conducting substrates such as metallic foils, semi-conductors, and metallic plates will offer very little
resistance in the conduction of the printed patters. Organic substrates may require a greater conducting
ink to overcome the resistance in the conduction that is occurring due to the selected substrates. Non
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conducting substrates may be used for other applications, but all play a significant role in printed
electronics.
There is a large range of substrates available for the production of printed electronics, but some
of these materials may need to be designed, enhanced, and developed to continue to extend their current
limitations. There is a wide range of current applications for printed electronics and the development of
such materials will only broaden that range. These developments must be addressed and standardized to
enable multiple entities to collaborate in research and development of this technological field.
1.4

STANDARDIZATION ISSUE
Globally, many countries are dedicated to supporting the development of printed electronics

industries. These countries show the interest in not only technical development but standardization.
South Korea succeeded in attracting Printed Electronics Technical Commission (PETC) the organization
for global standardization on September 2011 [33]. PETC was established into International
Electrotechnical Commission (IEC) by the dedicative support of the Korea government. This fact
reflects the strong will of Korea to encourage the printed electronics standardization industry.
The Japanese government is attempting to regain the leadership role in electronics by focusing
on the standardization of printable materials [34]. Japan is forecasting that the printed electronic
industry might give them an opportunity to recapture the lead of the

electronics industry. The

electronics industries is heavily dependent on equipment but the printed electronics industry are driven
by the synthesis and limitations of printable materials, the equipment is of importance but does not play
the lead role for printed electronics.
China also shows e interest in the manufacturing of printed electronics . If If China decides to
invest in the field of printed electronics it will consume about 10% of the market. For example, when
China made took part of the solar cell market resulted in the bankruptcy of the US solar cell companies
such as Solyndra, Evergreen Solar, and Spectra Watt [35].
There is a large effort to globalize and standardize the fabrication processes behind the printed
electronics technology to the purpose is to allow the participating countries to work in the collaboration
of the enhancement of this manufacturing realm. The establishment of a global network and
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development of standards are essential to enable each party to make a significant contribution by the
means of research and development. The attempt of globalization is not only targeted to various
countries but it is extended to private organizations to take part in this matter. The entities involved in
this issue will enable to advance this technology and accomplish the goals set in the production of
electronics in a fast and cost effective manner.
As noted previously, many countries have shown an interest in the printed electronics industries
and the global situation of printed electronics has been rapidly changing. Standardization works should
be conducted essentially, but the time is not yet ripe for standardization of printed electronics. Printed
electronics standardization should be progressed gradually by planning the rigid strategies considering
the international situation.
1.4.1 Testing Method Standardization
Numerous studies relevant to printed electronics have been conducted with rising interest and
investment of this industry. However, most of researches were related in development of equipment and
materials. The research for standardizing testing methods, compared to those for developing equipment
and materials, have not been considered. Absence of analysis method standardization has a negative
effect on getting repeatability and reliability of printed electronics materials and products.
Standardizing testing methods is essential to provide the proper basis on which systems can be
compared and to apply lab-scale results to a mass production system. Testing parameters can affect the
quantitative value obtained by testing of physical properties and can result in misleading information.
The physical properties listed above require a standard testing method to be established.
The conductivity of a cured ink should be measured, the research conducted has selected four
point probe, to enable the point to point resistance of each printed line. A four point probe is used to
measure the conductivity of the ink because it enable to test multiple sections of the printed line at a
given time. When the conductivity is analyzed with a help of 4 point probe, the conductivity is affected
by stressed pressure on 4 point probe. It is required to standardize the permissible range of the pressure
for conductivity analysis in order to get objective results.
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The viscosity of the inks should be measured by using a rheometer. The varied factors that could
affect the analyzing results of viscosity should be also studied. The surface tension of a liquid should be
measured using a Goniometer, which determines the contact angle of the liquid. The contact angle
provides plenty of useful information to optimize the material selection and synthesis of inks produced
for printed electronics. In addition to the equipment listed above, there is much analysis equipment
available. To ensure reliability, the choice of suitable equipment is as important as research on testing
conditions.
1.4.2 Equipment Standardization
As mentioned above, diverse printing equipment has been operated and developed in many
companies, research institutes and universities. The software for equipment control is as various as
diversity of equipment. It means that each apparatus has different operation systems (OS) such as
Windows, Linux, Unix, and Mac os, etc.
The technical performance of a single apparatus has already attained a substantial level. For this
reason, there is a limit to seek for the technical improvement of the single apparatus. To overcome this
limit, convergence of multiple technologies, that combine different components, should be developed..
Standardization should include a universal operating system (OS) that is highly compatible with
multiple systems and equipment used in the development and manufacturing of printed electronics. Is
standards are not developed to address these issues; the lack of standards will inhibit the potential of
direct-write systems.
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Chapter 2: Literature Review
Literature was reviewed to understand the scope of direct-write systems, polymer
characterization. Different processes were researched in relevance to the R2 direct-writew system and
PNE components.
2.1

FUTURE DIRECTION OF DIRECT WRITING
This article discusses the focal points of direct writing. It discusses the attention and importance

of conductive inks. The article discusses also the different applications and growth of manufacturing
electronics using direct-write systems. The article also elaborates on some key systems that are currently
being used in the industry.
The article describes conductive inks as “special inks,” they are denoted as special due to their
nanoparticle size and shape of the metal used to synthesize such inks. The nanoparticles are finely
dispersed in liquid.
The article also emphasizes the importance of growth in industry; it describes current
applications and their current aspirational applications. The current applications include radio frequency
identification tags, light emitting diodes, organic light emitting diodes, electronic paper, antennas, etc.
The current aspirational application is the transition into flexible electronics and growth in the area of
biological contributions.
The article discusses the trending direct-write systems. The article lists the MDDW, M3D, and
ink-jet technologies emphasized in the market. It discusses the parameter, limitations, benefits and
shortfalls of these technologies [36].
2.2

A POLYMER FILM CHARACTERIZATION USING QUARTZ RESONATORS
This article was reviewed to address the emphasis of flexible electronic applications and

different polymers that are being used for the manufacturing of electronics. In this article a quartz
resonator is used for polymer characterization. The resonator uses a thickness-shear mode to test its
dynamic behavior and electrical response. The characterization is conducted on polymers with a few].
microns in thickness. The article discusses different types of polymers: glassy and rubbery. The
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polymers are coated on one side and the electronic characteristics produced by the quartz resonator are
used to characterize the polymer [37].
2.3

THE EFFECT OF DROP (BUBBLE) SIZE ON ADVANCING AND RECEDING CONTACT ANGLES.
The full title of the article is “The Effect of Drop (Bubble) Size on Advancing and Receding

Contact Angles for Heterogeneous and Rough Solid Surfaces as Observed with Sessile-Drop and
Captive-Bubble Techniques”. This article was researched to evaluate the relationship of contact angle
and surfaces. The relationship between the contact angle and the substrates yields information of the
adhesion of the liquid to the surface on the desired substrate. This phenomenon is highly relevant to the
relationship between the conductive inks and substrate on which the ink will be printed. The article
describes Sessile-drop and captive-bubble techniques to determine the contact angles values. The article
discusses measuring water and ethylene glycol with self-assembled monolayer surfaces. The paper
found that different contact angle values were obtained for sessile-drop and captive-bubble techniques
due t their non-ideal systems. The article found that the contact angle values increased with increasing
surface imperfections, which in hand was also affected by surface roughness and heterogeneous
surfaces. These findings are of importance, during a direct-write or printing process different contact
angle values are desired, these properties effect the quality of print achieved [38].

2.4

LASER DIRECT-WRITE TECHNIQUES FOR PRINTING OF COMPLEX MATERIALS
This article is highly relevant to the direct-write systems. The article reviews the recent

developments of laser direct-write systems. The article also reviews the importance of using these
techniques for printing of complex materials. The article discusses the different applications of these
techniques to include small-scale energy storage and tissue engineering; The article discusses the
importance of precision printing, multi-component printing, multi-phase printing, and 3D printing. The
article discusses the varied desired physical and chemical properties such as porosity, homogeneity, and
even biological activity. Applications for these techniques include organic and inorganic applications.
These material categories aforementioned are considered to be classified materials and direct-write
techniques used for manufacturing for these varied applications [39].
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Chapter 3: Substrate Standardization for the R2P Direct-Write System
This chapter is dedicating to an area of focus for this thesis. The R2P direct-write system has not
established standards. The project conducted was to provide reference as to the substrate selection and
allocation for the R2P printing process. The standards are made to indicate the substrate to be applied for
the different stages of the process. These standards will optimize the process and substrate selection
improves the printed pattern for electronic applications.
Analysis of the correlation with such substrates has been conducted to determine the optimal
substrate selection indicated for the ink deposition of the R2P process. Furthermore the data obtained
will be made readily available for multiple parties to benefit from the information obtained. The
standardization of the R2P is focused on the materials (substrates and conductive inks) and their
corresponding relationships.
The R2P is a direct-write system manufactured by Innovative Engineering Service (IES Co.,
ltd.). It is considered a reverse offset due to the reverse offset of the pattern that is to be printed and is
obtained from the cliché. The R2P direct-write system’s components consist of a roll and three stages.
The roll is covered by a blanket composed of a polymeric material and the stages are connected by a
large metal plate. The roll moves in the z-direction, while the stages only move in the x-direction. The
stages dimensions are 58 mm by 58 mm. The roll’s circumference is 170 mm.
The R2P process is divided into five steps that will be discussed in detail. The first step is to
prepare a sample with conductive ink. The ink is deposited onto a substrate by the use of a spin coater.
There are multiple conductive inks available on the market, for this experimentation the ink selected was
Silverjet DGH ink from Advanced Nano Products [40]. The ink is a silver particle ink dispersed in an
octane matrix. This ink selection is suggested by R2P manufacturer due to its viscosity and surface
tension.
The second step of the process requires for the substrates to be placed adequately onto their
location. The first stage is used for the roll to collect the conductive ink. The first stage holds a substrate
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that contains an evenly distributed layer of conductive ink. The even distribution of the ink is
accomplished by spin coating a conductive ink onto a glass slide with a polymeric material overlay. The
second stage holds a cliché. A cliché is a plate that contains the desired circuit or pattern that is to be
printed for the final application. The cliché may be made of either glass or metal. The third stage holds
the final application material. The materials for all three stages are held together by the use of a vacuum.
Figure 1 is an illustration of the R2P components.
The third step of the R2P process consists of setting the parameters. The different parameters are
the pressure, printing speed, and working length. These parameters are set for each stage. The
parameters are set to a constant, the only varying factor in the process are the various substrates. The
fourth step of the R2P process consists of running the system. The system first collects the conductive
ink by revolving the roll over Stage 1. The roll then revolves over Stage 2 to obtain the offset pattern
that is to be printed. The roll prints the offset pattern onto the final substrate by revolving over Stage 3
for the final application.
3.1

MATERIALS USED FOR THE R2P PROCESS
The materials used for testing with the R2P system consisted of the Silverjet(Company, country

of orgin) DGH ink produced by Advanced Nano Products in South Korea, and a total of 10 different
substrates. The R2P manufacturer provides four polymeric materials for the process to be used on the
roll and Stage1. Additional substrates for the R2P process include two clichés and conductive flexible
films. The substrates used are listed in Table 3.1. The four polymeric substrates provided by the
manufacturer have not been characterized and information is not made available from IES Co. ltd. The
materials have been named by the manufacturer as M1, M2, M3 and M4, Figure 3.1 is a combination of
photographs of these substrates.
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Table 3.1: Substrate Selection for the R2P Process.
Material

(a)

Substrate

Application

M1

Polymeric Blanket 1

Stage 1

M2

Polymeric Blanket 2

Stage 1

M3

Polymeric Blanket 3

Stage 1

M4

Polymeric Blanket 4

Stage 1

M5

Ni coated Stainless Steel

Stage 2

M6

Glass Cliché

Stage 2

M7

Glass Slide

Stage 3

M8

Polyethylene Terephthalate (PET)

Stage 3

M9

Kapton PV 9101

Stage 3

M10

Kapton PV 9102

Stage 3

(b)

(c)

(d)

Figure 3.1: R2P Substrates to be Used in the Printing Process: (a) M1, (b) M2, (c) M3, and (d) M4.
To tests the hypothesis that the polymeric substrates M1 through M4 are used for the R2P due to
their flexibility. The substrates are used for the ink dispersion and the roll. The substrates used for Stage
2 are M5 and M6, they are made of Ni coated Stainless Steel (SS) or glass and are called clichés. The
cliché is the part of the process that provides the pattern that is to be printed. The patterns on these
clichés vary and have a wide range of creativity. Clichés are typically expensive due to their
manufacturing. The designs that are placed on the cliché require line thicknesses that range from 5 to 30
µm that require specialized equipment and techniques for manufacturing that contribute to the high cost
of production.
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The substrates that are used for Stage 3 are M7 through M10. M7 is a glass slide substrate that is
selected for rigid printed electronics. Substrate M8 is Polyethylene Terephthalate (PET) is used for
application to flexible electronics. PET belongs to the polyester family and is a thermoset polymer. It is
selected because the polymer can be in an amorphous and as a semi-crystalline polymer. The crystalinity
of the polymer will affect the physical properties that are desired for printed electronics [41]. Substrates
M9 and M10 are Kapton films, these films are developed by DuPont. Kapton films are highly flexible
and can resist high temperatures relative to polymeric substrates. Polyimide films have the ability to
convert solar energy into DC electricity by the use of semiconductors, these chemical and physical
properties make these films highly desirable for electronic applications [42-43].
3.2

CONTACT ANGLE RELATIONSHIP
The standards developed are for the optimization of the substrate selection for the R2P process.

The concept used for the standards is the concept of adhesion. The adhesion of the ink to the substrate
was measured by taking the contact angle of the ink with its corresponding substrate. The contact angle
is a good indication of the amount of wettability of a solid that is a correlation of the amount of adhesion
between the liquid and the solid. The angle is determined by the use of a solid/liquid interface. The
contact is measured by the equilibrium of the solid, liquid, and vapor interfaces. The liquid forms a
sessile-drop between the solid and liquid the angle is measured using the Young’s Equation (3.1). Lower
contact angles are desired for hydrophilic reactions and determine the greatest adhesion between the
liquid and substrate.

(3.1)

The Young’s equation components are the interfacial energy of the solid-vapor, solid-liquid and
liquid-vapor and are represented by the γsv, γsl, and γlv respectively, and the θγ is the contact angle.
Figure 3.2 is the illustration of the sessile-drop [44].
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Figure 3.2: Schematic of a Sessile-Drop Contact Angle System.
In theory the angle values should be within the range of the relationship stated in Equation (3.2).
Where θR is the desired contact angle range for the roll, θ 1 is the desired contact angle range for Stage1,
θ2 is the desired contact angle range for Stage 2, and θ 3 is the desired contact angle range for Stage 3.
Stage 2 and Stage 3 must have a lower angle than that of the roll, and are irrelevant to each other, both
stages are attempting to remove ink from the roll, not each other.

(3.2)

3.3

EXPERIMENTAL PROCEDURE
The experimental procedure was composed in two different sections. First the relationship of the

adhesion between the ten substrates and the Silverjet DGH ink. Printing under the optimal conditions
and under non-optimal conditions was conducted with the R2P to compare the patterns against each
other.
The samples for the wettability angle were prepared by cutting each substrate to rectangles with
the dimensions of 25.4 mm x 76.2 mm. The substrates were taped onto glass slides by the means of
scotch double sided tape. The substrates were mounted onto the slide to assure the substrates laid flat for
accurate contact angle measurement.
The wettability angle was measured by taking the contact angle formed between the substrate
and liquid. The contact angle was measured using a Ramé-hart Tensiometer Model 250 for substrates:
M1-M4, M8, where 10 µL were automatically dispensed. For substrates M5-M7, M9-M10, the
29

wettability angle was too low to use the tensiometer and a total volume of 10 µL was manually
dispensed using a micrometer syringe manufactured by Gilmont Instruments a division of Barnant
Company, Model No. GS 1200. There were three wettability angles taken to obtain an average contact
angle value. The contact angle measurement was taken at room temperature ~25°C and standard
atmospheric pressure.
The printing procedure consisted of printing a pattern using the R2P. There were a total of four
printing procedures that occurred. For all four procedures Stage 2 had M5 as the substrate, the pattern
was provided by using the Ni coated Stainless Steel cliché that contains line thicknesses that range from
5-30 µm. All four procedures used the same printing parameters where the only variable was the
substrates. The printing speed was set to 20 mm/s, the pressure was set to 10 kg for Stage 1, 10 kg for
Stage 2, and 10 kg for Stage 3. The working length was set to 45 mm. The preparation of the ink
distribution for Stage 1 used a total volume of 0.4 ml that was spin coated onto the substrate at a rate of
6000 rpm for a time of 5sec- 10sec-3sec.
The waiting position for the Roll was set to a value of -181.7161 for the x-position, 17.006933
for the roll, and -0.000374 for the z-position. The stage position for Stage 1 were the values of -8.1959
for the x-position, -172.55634 for the roll, and the z-position varied to apply the total load of 10 kg. The
stage position for Stage 2 were set to the values of 55.8071 for the x-position, -172.556 for the roll, and
the z-position varied to apply the total load of 10 kg. The stage position for Stage 3 were set to the
values of 119.105 for the x-position, -172.556 for the roll, and the z-position varied to apply the total
load of 10 kg.
There are four different printing experiments. The first experiment used the substrate M4 to be
used onto Stage 1, the roll used the substrate M1, and the Stage 3 used substrate M8. The second
printing experiment used M3 for Stage 1, M1 for the Roll.
3.4

RESULTS AND CALCULATIONS
The contact angle values are listed in Table 3.2. The wettability angle for the Ni coated Stainless

Steel cliché, glass cliché, Kapton PV 9101 and 9102 were too dispersed to obtain the angle using the
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tensiometer. The wettability angle for these substrates were taken by taking a photograph of the sessile
from the top and determined mathematically and the graph is represented in Figure 3.3.

Table 3.2: Contact Angle Values in Degrees.

Contact Angle, θ (degrees)

Material

Substrate

CA Values

M1

Polymeric Blanket 1

3.0E+01

M2

Polymeric Blanket

4.5E+01

M3

Polymeric Blanket

3.9E+01

M4

Polymeric Blanket

5.6E+01

M5

Ni coated Stainless Steel

7.0E-03

M6

Glass Cliché

4.7E-03

M7

Glass Slide

4.9E-03

M8

Polyethylene Terephthalate (PET)

1.2E+01

M9

Kapton PV 9101

2.5E-03

M10

Kapton PV 9102

3.1E-03

60

M4

50

M2

40
30

M3

M1

20
M8

10
0

M5
0

2

4

M6
6

M7
8

M9 M10
10

12

Substrate

Figure 3.3: Contact Angle Values of the Substrates.
To calculate the contact angle the height of the sessile must be determined. The first step was to
convert 10 µL to mm2, which is 10 mm2. The second step is to measure the diameter, d, of the top view
of the photograph and the dimensional reference, calibrate the measurement by using the actual length, l,
and measured length of the dimensional reference, Equation (3.3). The actual value of the dimensional
reference is 10 mm.
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(3.3)
The second step in the calculation is to calculate the area of the circle, Equation (3.4), where r is
the radius, Equation (3.5). To get the maximum height you divide the dispensed volume by the area of
the circle, Equation (3.6). You use trigonometry identity to solve for the contact angle, θ, Equation (3.7).

(3.4)

(3.5)

(3.6)

(3.7)

Images were obtained for the experimental values and mathematical values. Figure 3.4 are the
contact angle images obtained from the tensiometer and Figure 3.5 are the photographs of the top view
of (a) M5, (b) M6, (c) M7, (d) M9, and (e) M10. The substrate samples that were too dispersed for the
tensiometer’s camera .

(a)

(b)

(c)

(d)

(e)

Figure 3.4: Silverjet DGH Ink’s Contact Angle Images obtained from the Rame-hart Tensiometer Model
250.
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(a)

(c)

(b)

(d)

(e)

Figure 3.5: Silverjet DGH Ink’s Contact Angle Images.

3.5

DISCUSSION
Upon reviewing the contact angle data it is desirable for the Stage 1 to have the substrate with

the highest contact angle. The substrate M4 yielded the highest value and is desired to maximize the
amount of ink the roll would collect from Stage 1. The roll must use a relatively low contact angle value
to adhere as much ink as possible from Stage 1; the results indicated that the lowest value amongst the
material provided for the R2P direct write system was M1. For Stage 2 the contact angle value must be
lower than that of the roll and both M5 and M6 values are extremely low and close to each other. For
Stage 3 requires a lower contact angle value than that of the roll, M7, M8, M9 and M10’s valued all fall
below the value of M1. PET had the highest value amongst these substrates that are applicable for
Stage 3.
Taking into account this the analysis of the contact angle values four printing scenarios were
used to examine the quality of the image printed in correlation to the contact angle values. The first
scenario, P1, used the best substrate selection for the process and took M4 as the substrate used for Stage
1, M1 as the substrate used for the roll, M5 as the substrate for Stage 2, and M8 as the substrate for
Stage 3. The second scenario, P2, changed the substrate for Stage 1 from M4 to M3; all other substrates
remained the same. The third scenario, P3, changed the substrate from M3 to M2; all other substrates
remained the same as scenario 1. The fourth scenario, P4, uses the M1 for Stage 1 and M4 for the roll all
other substrates remained the same as the first scenario. The fourth scenario was designed to go against
the theory and see its effect of the image printed.
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(a)

(c)

(b)

(d)

(e)

Figure 3.6: Printed Pattern Images using the R2P Direct-Write Systems.
Figure 3.6 are the images obtained from the four printing scenarios using scenarios (a) P1, (b)
P2, (c) P3, (d) P4, and (e) P4, Stage 1 Substrate. As you can see from Figure 6, the first printing scenario
resulted in clearer and cleaner printed pattern. The fourth scenario resulted in the worst case where the
ink remained on the substrate on Stage 1 and nothing was printed onto the PET. I believe the quality of
the Ni coated SS cliché effected the quality of the printed pattern. The cliché was starting to show some
oxidation along the surface.
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Chapter 4: Standardization for the Dispersion Matrix of Conductive Inks
The standardization of these systems has become a key issue in the printed electronics industry.
The standards developed for the R2P will work as a reference for various parties involved in the
development of printed electronics. The standards are made to address various substrates and their
corresponding conductive inks for the final application with the utilization of the R2P direct-write
system.
Analysis of the correlation with such substrates has been conducted to determine the optimal
liquid medium for the indicated final application process. Furthermore the data obtained will be made
readily available for multiple parties to benefit from the information obtained. The standardization of the
R2P is focused on the materials (substrates and conductive inks) and their corresponding relationships.
Direct-write systems are based on the development of nanotechnology with the concentration on
synthesizing conductive inks composed of Nano-sized particles.
The developments of standards are essential to allow compatibility amongst multiple party
participation in electronic manufacturing. The focus of this paper is to develop standards for various
substrates available for the Roll to Plate (R2P) direct-write system. The standards developed will be
used as a reference for manufactures using the R2P for their desired applications. The material selected
for experimentation consisted of inks, liquid mediums, and substrates.
4.1

CONDUCTIVE INKS AND SUBSTRATES
There are a various conductive inks available in the printed electronic market. Conductive inks

are generally synthesized of gold, silver, or copper nano-sized particle. The nano-sized particles are
dispersed in a liquid medium to put into an aqueous solution. The liquid mediums in which these
particles are dispersed are typically composed of water, oil and various alcohols. Alcohols are used due
to their relatively low surface tension that is directly correlated to the curing temperature of the ink.
Relatively low curing temperature is desired for flexible electronic applications, flexible electronics are
typically composed of polymeric substrates. Polymeric substrates contain low glass transition
temperatures and limit the range of the curing temperature for the conductive ink. The conductive inks
selected for experimentation consisted of Advanced Nano Product’s Silverjet DGH. The liquid mediums
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that were tested consisted of deionized-water, octane, methanol, and ethanol. Each liquid medium was
tested in relation to thirteen substrates materials selected. Table 4.1 indicated the properties in
consideration for experimentation.
Table 4.1: Conductive Ink Properties.
Conductive Ink
Silverjet DGH

Liq. Medium

γsv (mN/m)

Curing T (°C)

Octane

25.1

400-525

The substrates consisted of either rigid or flexible material. The rigid material consisted of glass,
N and P-type silicon wafers, and indium tin oxide (ISnO) coated glass, and fluorine doped SnO Coated
glass. The flexible substrates consisted of DuPont Teijin MELINEX Polyester film and DuPont Kapton
Photo Voltaic (PV) Polyimide film. There are a total of 13 substrates composed of the rigid, polyester
and polyimide films. The material selection for experimentation focused on electronic materials. Glasses
and Si wafers were tested due to their semi-conducting nature. The polymeric material was selected due
to their flexibility and clarity. The Polyester film provided by DuPont and its characteristics desired
consisted of the level of clarity, flexibility, and thickness. The Kapton PV films were also provided by
DuPont and desired characteristic consisted of high glass transition temperature. Table 4.2 is composed
of the desired characteristics of the polymeric substrates.

Table 4.2: Polymeric Substrate Properties.
Substrate
Teijin MELINEX 339 Polyester Film (white)
Teijin MELINEX 516 Polyester Film (Clear)
Teijin MELINEX 561 Polyester Film (Clear)
Teijin MELINEX ST504 Polyester Film (Clear)
Teijin MELINEX ST506 Polyester Film (Clear)
Teijin MELINEX ST507 Polyester Film (Clear)
Kapton PV 9101
Kapton PV 9102
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Tg(°C)

Tm(°C)

212
212
212
212
212
212
370
370

265
265
265
265
265
265
463
463

4.3

EXPERIMENTAL PROCEDURES
The samples for the wettability angle were prepared by cutting each substrate to rectangles with

the dimensions of 25.4 mm x 76.2 mm. The substrates were taped onto glass slides by the means of
scotch double sided tape. The substrates were mounted onto the slide to assure the substrates laid flat for
accurate contact angle measurement. The wettability angle was measured by taking the contact angle
formed between the substrate and liquid. The contact angle was measured using a Ramé-hart
Tensiometer Model 250 where 10 µL were automatically dispensed.
The printing procedure consisted of printing a pattern using the R2P, The substrate selected for
Stage1 was Polymeric material M4, the roll used the substrate material M1, Stage 2 used the Ni coated
Stainless Steel cliché that contains line thicknesses that range from 5-30 µm, and Stage 3 the substrate
used was Kapton PV film. The printing parameters were set; the printing speed was set to 20 mm/s, the
pressure was set to 10 kg for Stage 1, 10 kg for Stage 2, and 10 kg for Stage 3. The working length was
set to 45 mm. The preparation of the ink distribution for Stage 1 used a total volume of 0.4 ml that was
spin coated onto the substrate at a rate of 6000 rpm for a time of 5sec- 10sec-3sec.
The waiting position for the Roll was set to a value of -181.7161 for the x-position, 17.006933
for the roll, and -0.000374 for the z-position. The stage position for Stage 1 were the values of -8.1959
for the x-position, -172.55634 for the roll, and the z-position varied to apply the total load of 10 kg. The
stage position for Stage 2 were set to the values of 55.8071 for the x-position, -172.556 for the roll, and
the z-position varied to apply the total load of 10 kg. The stage position for Stage 3 were set to the
values of 119.105 for the x-position, -172.556 for the roll, and the z-position varied to apply the total
load of 10 kg.
4.4

RESULTS AND CONCLUSION
The contact angle measurements were taken in degrees and determined experimentally. The

glass slide results indicate that a water based conductive ink would provide the greatest adhesion relative
to the other liquid mediums that were tested with the lowest angle measurement obtained of 27.6°. The
P-type Si wafer results indicate that a water based conductive ink would provide the greatest adhesion
with an angle measurement of 34.1°. The N-type Si Wafer results indicate that a water based conductive
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ink would provide the greatest adhesion with an angle measurement of 42.0°. The ISnO coated glass
would have an optimal adhesion with an octane based conductive ink, containing the least value for the
angle measurement consisting of 58.4°. The Fluorine doped SnO coated glass resulted with a lowest
angle measurement obtained of 46.3° produced by octane.
The DuPont Teijin MELINEX 339 Polyester film results indicate that a conductive ink with an
octane based liquid would be optimal with a resultant angle measurement of 52.0°. The Teijin
MELINEX 516 Polyester Film results indicate that the octane based conductive ink would be optimal
with an angle measurement of 54.0°. The Teijin MELINEX 561 Polyester Film results indicate that the
lowest angle measurement of 53.2° is obtained by the use of a conductive ink with an octane based
liquid medium. The Teijin MELINEX ST504 Polyester Film results indicate that the lowest angle
measurement of 54.8° was obtained by the means of the octane liquid. The Teijin MELINEX ST506
Polyester Film results indicate that the lowest angle measurement of 56.7° was obtained by the means of
the water liquid and a water based conductive ink indicate the optimal selection for the final application
in the R2P process. The Teijin MELINEX ST507 Polyester Film results indicate that the lowest angle
measurement of 59.2° is obtained from the octane liquid. The two DuPont Kapton PV 9101 film results
indicate that the lowest angle measurement of 60.6° was obtained from the octane liquid. The Kapton
PV 9102 results indicate that the lowest angle measurement of 54.3° was obtained from the water liquid.
Figure 4.1 are the images obtained during experimentation of a) glass slide, b) ISnO coated glass, c)
fluorine doped SnO coated glass, d) P-type Si wafer, e) N-Type Si wafer, f) Teijin MELINEX 339
polyester film, g) Teijin MELINEX 516 polyester film, h) Teijin MELINEX 561 polyester film, i) Teijin
MELINEX ST 504 polyester film, j) Teijin MELINEX ST 506 polyester film, k) Teijin MELINEX ST
507 polyester film, l)Kapton PV 9101 polyimide film, and m) Kapton PV 9102 polyimide film. Figure
4.2 is a graphical representation of the contact angle values and Table 4.4 contains the substrate and
value correlation for the graph.
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Figure 4.1: Water Contact Angle Images Obtained from the Ramé-hart Tensiometer Model 250.
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Figure 4.2: Graphical Representations of the Contact Angle Values for the Substrates.
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Table 4.3: Contact Angle Values and Substrate Correlation to Figure 4.2.
Substrate

Degrees

Water

Octane

Methanol

M1

Glass Slide

θCA

27.6

36.5

37

M2

ISnO Coated Glass

θCA

62.7

58.4

64.6

M3

Fluorine Doped SnO Coated Glass

θCA

47.6

46.3

59.9

M4

P-type Si Wafer

θCA

34.1

36.3

35.2

M5

N-type Si Wafer

θCA

42

46.6

61.2

M6

Teijin MELINEX 339 Polyester Film (white)

θCA

56.6

52

65.9

M7

Teijin MELINEX 516 Polyester Film (Clear)

θCA

64.6

54

70.8

M8

θCA

62.4

53.2

65.3

θCA

70.2

54.8

64.5

θCA

56.7

57.9

59.2

θCA

73.4

59.2

67.2

M12

Teijin MELINEX 561 Polyester Film (Clear)
Teijin MELINEX ST504 Polyester Film
(Clear)
Teijin MELINEX ST506 Polyester Film
(Clear)
Teijin MELINEX ST507 Polyester Film
(Clear)
Kapton PV 9101

θCA

67.7

60.6

66.5

M13

Kapton PV 9102

θCA

54.3

55.8

67.7

M9
M10
M11

In conclusion the Contact Angle values yield either water or Octane produce the lowest values.
When printing with the R2P, use a nano-particle ink that is dispersed in either water or Octane to obtain
the best results. Figure 4.3 yields printed images using an Octane based ink. For future work, printing
may be conducted with water based ink to compare the printed images amongst each other.

Figure 4.3: Octane Based, Silverjet DGH Ink Printed on Kapton PV Film.
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Chapter 5: Summary and Future Work
Printing Nano Engineering (PNE) incorporates three main components: conductive inks,
substrates, and direct-write systems. The recent emerging technology is rising in focus in the
manufacturing of electronics due to their simple process and cost-effective methods. Standards are
essential for the continued growth in this field. Standards need to be developed for each of the three
main components of the PNE field.
As far as future work, there is plenty of work to be done. The standards need to be developed and
published to be available as a reference. One area of emphasis may be in conductive inks. The standards
can be developed as to what metals to use, synthesizing methods, desired shape, crystallinity, and
interfacial relationship. The standards for conductive ink may also include the development of an
optimal dispersion matrix, the ratio of particle to aqueous solution etc.
Substrates are another area of emphasis in the PNE standard development. The synthesis of new
material is always an ongoing effort in the printed electronic industry. Emphasis on substrates can be
made on different films available, semi-conductors, etc.
There are many direct-write systems available, and new are being developed. Standards are
needed for each of these systems. The standards can address the process to obtain the optimal parameter
for printing and diminishing the waste used throughout the process. There are so many areas available to
address it just needs an individual interested enough to get started.

41

References
[1] Kim, C.H., Lee, T.M., and Choi, B.O., 2007, “Distortion of printed patterns in printed electronics,”
Journal of the Korean Society for Precision Engineering, 24, pp. 74-80
[2] Watts, M.P.C., 2007, “Advances in roll to roll processing,” Paper for the company Impattern
Solutions, http://www.impattern.com/Download/RollToRollProcessing.pdf.
[3] N-Scrypt , 2011, “World-wide Leader in Micro to Pico-liter Dispensing Systems with our Patented
Micro Dispense Pump™,” image, http://www.nscrypt.com/direct-print-smartpump/index.php.
[4] Lee, C.W., Kim, N.S., Shin, K.H., and Kim, C.W., 2009, “Statistical analysis for an estimation of
printed pattern in roll to roll printed electronic system,” Korean Society for Precision
Engineering, pp. 235-236.
[5] Renn, M., 2008, “M3D® Aerosol-Jet Printing- 5 microns to 5 millimeters,” Ph. D., M3D
Applications
Laboratory
presentation,
http://www.nanotxstate.org/presentation/NAC_14_Jul_2008.pdf.
[6] Kim, N.S., 2012, “Metallurgical & Materials Engineering introduces Printing Nano-Engineering
Option”, http://engineering.utep.edu/announcement032112.htm.
[7] Kim, N.S., and Han, K.N., 2010, “Future direction of direct writing,” Journal of Applied Physics,
108, pp. 102801-1-102801-6.
[8] Wong, W.S., and Salleo, A., 2009, “Flexible Electronics: Materials and Application (Electronic
Materials: Science & Technology,” Springer Publishing Company, New York, New York,
United States of America.
[9] Kunnari, E., Valkama, J., Keskinen, M., and Mansikkamaki, P., 2009, “Environmental Evaluation of
New Tewchnology: Printed Electronics Case Study”, Journal of Cleaner Production, 17(9), pp.
791-799.
[10] Kim, N.S., and Han, K.N., 2010, “Future direction of direct writing,” Journal of Applied Physics,
108, pp. 102801-1-102801-6.
[11] Clawson, B., 2011, “The Basics of Gravure Coatings,” Black Clawson Converting Machinery’s
technical newsletter, http://www.er-we-pa.de/public_html/Company/pubs/gravureCoater.html.
[12] Khushboo Scientific Pvt. Ltd., 2011, “3-Roll Offset
http://www.khushbooscientific.com/euclid/3ROLL%20OFFSET%20GRAVURE%20LAB%20COATER.pdf..

Gravure

Lab

Coater,”

[13] Jung, M., Kim, J., Lim, N., Kim, J., Kang, H., Jung, K., Leonard, A.D., Tour, J.M., and Cho, G.,
2010, “All Printed and Roll-to-Roll Printable 13.56-MHz-Operated 1-bit RF Tag on Plastic
Roll,” 57(3), pp. 571-580.
[14] Jung, M., Kim, J., Lim, N., Kim, J., Kang, H., Jung, K., Leonard, A.D., Tour, J.M., and Cho, G,
42

2011, “Scalability of Roll-to-Roll Gravure-Printed Electrodes on Plastic Foils,” IEEE
Transaction on Electronics Packaging Manufacturing, 33(04), pp. 273-283.
[15] Wikipedia contributors, 2011, “Flexography,” Wikipedia the Free Encyclopedia,
http://en.wikipedia.org/w/index.php?title=Special:Cite&page=Flexography&id=471668709.
[16] Azonano.com, 2010, “Low Cost Electronics: Roll to Roll,” Article in Azonano.com A to Z Techn
ology, http://www.azonano.com/news.aspx?newsID=15600.
[17]

N-Scrypt, 2011, “Micro Dispense Pump Conformal Direct 3D Printing Table Top Series,” produ
cts, http://www.nscrypt.com/micro-dispensing-systems-equipment/direct-print-tabletop-machines
/index.php.

[18] Kim, N. S., Hwang, S. Y., Kim, E. Y., and Han, K. N., 2010, “Synthesis of Copper Nano-ink in Al
cohol Media,” Japanese Journal of Applied Physics, 49(5), pp. 05EA04-1 - 05EA04-4.
[19] Microdrop Technologies Contributors, 2010, “Application”, http://www.microdrop.de/.
[20] Kim, N. S., Hwang, S. Y., Kim, E. Y., and Han, K. N., 2010, “Synthesis of Copper Nano-ink in Al
cohol Media,” Japanese Journal of Applied Physics, 49(5), pp. 05EA04-1 - 05EA04-4.
[21] Buxton, G. P., and Shah, H. M., 1990, “Ink-Jet Printing Process,” U. S. Patent 4,959, 661.
[22] Microdrop Technologies Contributors, 2010, “Application”, http://www.microdrop.de/.
[23] Pique, A., and Christy, D. B., 2011, Direct-Write Technologies for Rapid Prototyping: Application
s to Sensors, Electronics, and Integrated Power Sources, Maryland Heights: Academic Press, Mary
land Heigths, Montana, United States of America.
[24] Photo Active Nano Scale Systems, PANS, 2011, “Optomec-Maskless Mesoscale Materials Deposit
ion (M3D®),” http://sdepscor.org/pans_ri_Optomec%20M3D.html.
[25] Renn, M. J., King, B. H., Marcelino, E., Marquez, G. J., Giridharan, M. G., and Sheu, J., 2011, “A
pparatuses and Methods for Maskless Mesoscale Material Deposition,” Optomec. Patent Applicati
on Number 20110129615 ,<http://www.faqs.org/patents/app/20110129615>.
[26] Daniel, J., 2010, “Printed Electronics: Technologies, Challenges, and Applications,” Palo Alto Res
earch Center, PARC. International Workshop on Flexible Printed Electronics, http://www.parc.com
/content/attachments/printed-electronics-technologies.pdf.
[27] Observatory Nano, 2010, “ICT Sector Focus Report, Printed Electronics,” report, http://www.obse
rvatorynano.eu/project/filesystem/files/ObservatoryNanoFocusReport_PrintedElectronics.pdf.
[28] Wikipedia Contributors, 2011, “Offset Printing,” Wikipedia, The Free Encyclopedia, http://en.wiki
pedia.org/wiki/Offset_printing.
[29] Kolbusch, T., 2010, “The Smartcoater, a new tool for R2R Coating-Printing-laminating,” Coatema
. Coatema Symposium, http://www.coatema.de/ger/downloads/vortraege/101007_coatema_symposi
43

um_2010.pdf.
[30] Pudas, M., Hagberg, J., and Leppävuori, S., 2004, “Printing Parameters and ink components affecti
ng-ultra-fine line gravure-offset printing for electronics applications,” Journal of European Cerami
c Society, 24(10-11), pp.2943-2950.
[31] Lahti, M., Leppävuori, S., and V. Lantto, 1999, “Gravure-offset-printing technique for the fabricat
ion of solid films,” Applied Surface Science, 142(1-4), pp. 367-370.
Wikipedia contributors, 2011, “Printed Electronics,” Wikipedia, the Free Encyclopedia, http://en.
ikipedia.org/w/index.php?title=Special:Cite&page=Printed_electronics&id=451428087.
[33] Amert, A. K., Oh, D. H., and Kim, N. S., 2010, “A Simulation and Experimental Study on Packing
of Nano-inks to Attain Better Conductivity,” 108(10), pp. 102806-1-102806-5.
[34] Kimura, M., and Nezu, T., 2010, “First Appearances in E-Books, Lighting,” Nikkei Electronics As
ia Tech-On!, http://techon.nikkeibp.co.jp/article/HONSHI/20091222/178799/.
[35] MKnews, 2011,
[36] Kim, N.S., and Han, K. N., “Future direction of direct writing,” Journal of Applied Physics,, 2010,
108, pp. 102801.
[37] Martin, S.J., and Frye, G. C., “Polymer Film Characterization Using Quartz Resonators”, IEEE Xp
lore Digital Library, 1991, 1, pp. 393-398.
[38] Drelich, J., Miller, J.D., and Good, R.J., “The Effect of Drop (Bubble) Size on Advancing and Rec
eding Contact Angles for Heterogeneous and Rough Solid Surfaces as Observed with Sessile-Drop
and Captive-Bubble Techniques”, Journal of Colloid and Interface Science, 1996, 179, pp. 37-50
[39] Arnold, C.B>, Serra, P., and Pique ,A., “Laser Direct-Write Techniques for Printing of Complex
Materials”, MRS Bulletin, 2007, 32, www.mrs.org/bulletin
[40] M.K. Kim, Certificate of Analysis: Silverjet DGH ink for Reverse offset, Advanced Nano
Products.
[41] Wikipedia contributors, “Polyethylene Terephthalate”, Wikipedia, The Free Encyclopedia, May 27,
2013, http://en.wikipedia.org/w/index.php?title=Polyethylene_terephthalate&oldid=556995691.
[42] DuPont, “Kapton PV9101 polyimide film”, 2010, kapton.dupont.com.
[43] DuPont, “Kapton PV9102 polyimide film”, 2010, kapton.dupont.com.
[44] D. Y. Kwok, and A. W. Neumann, Contact angle measurement and contact angle interpretation,
Advances in Colloid Interface Science, 81, 1999, pps. 167-249.

44

Vita
Jessica Lynn Porras attended the University of Texas at El Paso (UTEP) in August of 2006. She
obtained her Bachelor of Science in Metallurgical and Material Science Engineering in May 2011. She
graduated as part of Alpha Sigma Mu, an international honor society for the metallurgical and material
science engineering. She was involved in various organizations such as: The Mineral, Metal and
Material (TMS) Society, the Society of Hispanic Professional Engineers (SHPE), and Texas College of
Mines (TCM) tradition. During her last year of her undergraduate, she was fortunate enough to join a
Printing Nano Engineering research team. She was able to hold two internships, one with Caltrans,
District 11, and the other with AiA Engineers ltd. She has then obtained a Master of Science in
Metallurgical and Material Science Engineering at UTEP as of summer 2013.

Permanent address:

100 Ventura Dr.
El Paso, TX, 79907

This thesis was typed by Jessica Lynn Porras.

45

